A novel Keggin-type polyoxometalate-based electrolyte, [TEAPS] 4 PW 11 VO 40 , has been synthesized by triethylamine containing 1-(3-sulfonic group) propyl (TEAPS) and monovanadium-substituted Keggin heteropoly acid (H 4 PW 11 VO 40 ) and characterized by IR, UV, XRD, TG-DTA. The product is solid state with high viscosity at room temperature and it shows a phase transition as the temperature is raised. It exhibits high conductivity (3.90×10 -3 S·cm -1 at 83 °C and 30% relative humidity), with a conductive activation energy of 23.78 kJ·mol -1 . In the range of measured temperature, its conductivity increases with higher temperature.
Introduction
Heteropoly acids (HPAs) and their polyoxometalate (POM) salts, a family of important solid compounds with polynuclear and oxygen bridges, have attracted considerable attention due to their diverse properties [1] [2] [3] . They are well-known electrochemically active materials with high conductivity and thermal stability, which makes them attractive as materials for energy sources with high power [4] [5] [6] . However, these HPAs suffer from diffusion problems and continuous leakage during cell operation, as well as most of them is crystalline powders, which hinder their practical utilization in electrochemical capacitor [7] . In order to broaden their application, a variety of HPA derivatives have been explored. Bourlinos has prepared a new kind of POM-based liquid salts through partial replacement of the protons in HPAs by PEG-containing quaternary ammonium cations. They possess good thermal stability and exhibit high ionic conductivity, which makes them possible electrolyte candidates in fuel cells. In addition to tetralkylammonium cation, tetraalkylphosphonium cation, imidazolium and pyridinium derivatives all have been employed for the synthesis of these POM-based materials.
Ionic liquids (IL), which are normally composed of relatively large organic cations and inorganic anions, have attracted great interest for their excellent properties, such as large electrochemical stability windows, high thermal stability, high conductivity, as well as the ability to dissolve a wide range of organic and inorganic compounds. Herein a new kind of polyoxometalate-based electrolyte, [TEAPS] 4 PW 11 VO 40 , has been prepared through replacement of protons in monovanadium-substituted Keggin HPA (H 4 PW 11 VO 40 ) by triethylammonium-propane sulfonate IL (TEAPS). Its synthesis, characterization and conductive performance are discussed in this study. The results demonstrate that this material has high thermal stability and excellent conductivity. Moreover, the product is solid state with high viscosity at room temperature and it shows a phase transition as the temperature is raised. So, it has the advantages for both solid state electrolyte and liquid electrolyte.
Experimental (i) Reagents and instruments
All chemicals were of analytical grade and used without further purification. FTIR spectra for samples were collected on a Nicolet Nexus 470 FTIR spectrometer (KBr discs) in 4000-400 cm -1 region. UV spectra were measured on a SHIMADZU UV-2550 UV-Vis -2 -spectrophotometer. Thermal stability of the sample was studied using simultaneous thermogravimetry (TG) and differential thermal analysis (DTA) techniques from room temperature up to 800 °C. Measurements were performed using a SHIMADZU thermal analyzer under N 2 atmosphere, at a heating rate of 10 °C min -1 . Conductivity of the product was measured on a DDS-11A conductivity meter.
(ii) Synthesis of TEAPS TEAPS was synthesized according to procedure described elsewhere [8] . 1,3-propane sultone (0.050 mol) and triethylamine (0.055 mol) were dissolved in acetone (25 mL) and stirred at 50 °C for 24 h. A white precipitate (TEAPS) was filtered, washed with ether three times, and dried in a vacuum.
( ethanol solution, a yellow precipitate formed, which was stirred at room temperature for 24 h. Ethanol was removed in a vacuum at room temperature to give the final product. The obtained material was yellow and solid state with high viscosity at room temperature. As the temperature was raised over 80 °C, it began to exhibit the phase transition process. , which verifies the presence of sulfonic groups. Similarly, the deformation vibration of the C-H bond is displayed at 1480 and 1388 cm −1 . In the high wavenumber region, the peak at 2986 cm −1 is assigned to the stretching vibration of the C-H bond. The broad peak around 3500 cm −1 is due to the O-H vibrations from organic moieties. Figure. 1 VO 40 , in spite of the decrease of peak intensities and slight shift of peak position, the characteristic peak can be identified easily. This provides an evidence of existence of the Keggin structure unit in [TEAPS] 4 PW 11 VO 40 .
Results and Discussion
(ii) X-ray diffraction (XRD) patterns The XRD patterns in Figure. 1 VO 40 , all these characteristic diffraction peaks disappear, demonstrating the formation of the amorphous structure after the acidic protons in the pure heteropoly acid replaced by TEAPS cations [11] .
(iii) TG-DTA analysis Figure. 1(D) indicates the TG and DTA curves of [TEAPS] 4 PW 11 VO 40 from 35 °C to 800 °C. From the DTA curve, an endothermic peak is exhibited to show the phase transition with a weight loss no more than 1 wt %. In the TG curve, the large weight loss from 300 °C is attributed to the decomposition of both organic and inorganic moieties. So the material shows fine thermal stability.
(iv) Conductive performance We have recorded the conductivity of [TEAPS] 4 PW 11 VO 40 at different temperature and specific relative humidity (RH). Its conductivity is measured for 3.90×10 -3 S·cm -1 at 83 °C and 30% RH. From Figure. 2, we learn that the conductivity of [TEAPS] 4 PW 11 VO 40 increased with the temperature elevates. And the temperature dependence of conductivity follows the Arrhenius relation (1), where σ 0 is the pre-exponential factor, E a is the conductive activation energy, k is the Boltzmann constant and T is the absolute temperature [12] .
E a is regarded as the energy barrier which must be overcome for the cations and anions to travel and the value of E a can be in accordance with structural arrangements. As calculated by this equation, the conductive activation energy is 23. . The conductivity increases with higher temperature. During room temperature, the material can hardly flow due to its high viscosity, facilitating it to transport and store. As the temperature is raised over 80 °C, it begins to exhibit the phase transition process and can flow as liquid. This material contains the advantages for both solid state electrolyte and liquid electrolyte, making it a new class of material possible candidate for electrolyte.
